Abstract. Tomographic imaging of minor species in combustion exhaust is an important requirement for combustion engineering. Only one group has tried carbon monoxide imaging in laminar flames in the mid-infrared region. A number of attempts have been made by different groups for single-channel multi-pass or long path-length measurement of CO. Singlepass measurement is being assessed in our work for tomographic measurement of the distribution of minor species. We report here the spectroscopic study of CO in different absorption lines of the strong fundamental bands in the mid-IR range. The criteria for selection of a light source in this context are also considered. Although strong spectral lines are available for CO in the mid-infrared region, strong water vapour and carbon dioxide interferences are also present. This addresses the choice of such useful spectral lines under interference by major species. The HITRAN 2004 database is used to predict the spectral lines of H 2 O and CO 2 near the fundamental spectrum of CO in the mid-IR range. The exhaust condition in respect of temperature and pressure is considered in order to study the broadening of the spectral lines. The percentages of absorption for different species for different types of light sources are reported on the basis of computations. The concept can be readily extended to further species of interest in the presence of other interfering species. Different laser sources and spectroscopic methods are considered to design a strategy suitable to this application.
Introduction
There is great interest to develop an imaging technique for the distribution of minor combustion species for application in combustion engineering. The vast majority of gaseous chemical substances exhibit fundamental vibrational-rotational absorption bands in the mid-infrared spectrum (2.5 µm to 25 µm). Among other substances, carbon monoxide (CO) is a regulated pollutant that is produced by the incomplete combustion of carbon-based fuels. An imaging technique is proposed here to get an image of the target species in combustion exhaust gases. The combination of MIR spectroscopy and tomography offers great potential for this task.
There are emerging requirements for sensors, actuators, and control technology suitable for advanced combustors. A basic sensor requirement for closed loop control of combustors is satisfied by continuous and real-time measurement of exhaust emission of CO at bandwidths of a few Hz. CO measurement provides for on-line determination of combustion efficiency. The measurement of CO at ppm level in combustion exhaust has been tried by Wehe et al. [7] . Wondraczek et al. [1] tried to image carbon monoxide in laminar frames. Over recent years high-speed imaging of hydrocarbons (a major species) inside the engine cylinder has been achieved by the Manchester group [8] [9] [10] using near-IR diode lasers. Since the concentration of combustion products like CO is very low, the focus is now shifted towards the strong absorption band in mid-IR spectral range. But this will require generation of new technology in mid-IR wavelength imaging. For tomographic imaging of the combustion exhaust, single-pass measurement is considered to be most useful, even though previous attempts at CO measurement are mostly with multi-pass techniques.
For single-pass multi-channel high-speed measurement, the main considerations are the following: i) the optical power of the laser source should be maximum, as the absorption percentage of the overall spectrum is small, ii) in the mid-Infra Red region low-loss 1-to-N channel splitters are not commercially available, iii) the noise elimination technique should be such that it can eliminate both the out-of-band as well as the in-band noise, iv) detectors and detection electronics are to be fast enough to sense the pulsed waveform from the laser source.
This paper is structured to consider the spectral analysis of the components present in the combustion exhaust, the choice of different light sources and the sensing techniques available to get the best achievable low-noise signal.
Spectroscopic Analysis
It is necessary to know the range of wavelengths of interest to image CO in the exhaust gas. In this paper, the temperature and pressure of the exhaust gas are set at representative values of 800 K and 1.2 atm. The method of detection of the diatomic molecule CO depends on pure absorption spectroscopy. This absorption spectroscopy is based on the fundamental and hot-band rotational/vibrational transitions. At the elevated temperature of 800 K, the population of the vibrational and rotational energy levels at the hot band is more than that at room temperature [12] . At the same time combustion exhaust has other species which will create a significant background for each measurement. Therefore, it is of critical importance to choose the spectral line of the targeted molecule in order to avoid significant impact of absorption by other species in nearby region.
Combustion
To estimate the spectrum of any component in the combustion products, the volumetric composition has to be known. As a number of different hydrocarbons are present in a fossil-based fuel, iso-octane is taken as a typical component among them. A normal combustion equation is the following, if a complete combustion has taken place: 8 73.5% Note that, in the case of complete combustion, the CO concentration would be zero. In fact, we aim to be sensitive to 10 ppm in the presence of interfering spectral lines of other components. The chemical equilibrium calculation equation (1) is used to estimate the interfering effect for other major species like CO 2 , H 2 O and N 2 on the spectra of CO.
Calculation Process
The JavaHAWKS program has been run to generate the spectral lines of CO in the presence of the other combustion products. This is based on the HITRAN database 2004 [4] involving the wavenumbers (υ), linestrengths (S), air-broadened half-width (γ air ), self-broadened half-width (γ self ), lower state energy (E"), temperature dependence exponent for γ air (n air ) and air pressure-induced line shift (δ air ). This version of HITRAN provides the database for the temperature demanded. Accordingly the following Beer-Lambert Law equation (2) is used to calculate the transmitted spectra.
The intensity after absorption of monochromatic light along a path of length L in a sample of gas is given by, When analysing absorption spectra to estimate species concentrations, line broadening effects have to be considered. These are:
• Doppler Broadening (Gaussian Broadening) being dependent on temperature and centre wavenumber, υ 0 :
Where, the Doppler half-width at half-maximum (HWHM) b D is given by,
and where, 
Where, the pressure broadened HWHM b N is given by, 
The Voigt Profile is approximated according to the method of Whiting [5] . Since the lasers commercially available today are costly, and tunable only over a narrow range, it is desirable to find a suitable line for choosing an appropriate laser. CO 2 and H 2 O are the main line broadening species present in the exhaust gas as determined by previous experiments on P(26) and P(29) lines [1] . Because of the presence of polychromatic light in the laser source (frequency spread around 150 MHz for pulsed QCL), the resulting line profile is influenced by the laser line function according to an overlap integral. Since the 'P' band is crowded with the H 2 O band as evident from fig. 1 , it is better to concentrate on the 'R' band. The problem is then the existence of the CO 2 band in the highest population region of the CO band, obstructing our view as shown in fig. 1 . The R(6) transition of the fundamental vibration band ν= 1←0 near 2169.196 cm -1 (= 4.61 µm) is the best choice as is evident from Fig. 2 . The rest of the points are discussed in section 3.
Transmission of Polychromatic Light
The laser source is not monochromatic and it has a definite spectral width. Suppose the spectral distribution of the laser source can be designated by the function g L (υ-υ L ). It has been approximated by a Lorentzian function, as given below:
Where, υ L = Centre wavenumber of the laser line, Therefore, the analytical treatment of the transmission due to overlapping emitter and absorption line shapes is an overlap integral of the laser line profile g L (υ-υ L ) with the CO line transmission curve discussed.
For a given laser peak frequency, the observed fractional absorption is calculated based on the convolution formula as given below:
The computed result of this is illustrated in the following section. The integrated value according to the equation (9) varies with υ L as shown in fig. 3 
Laser absorption for the potential spectral wavenumber
Spectroscopy is dependent both on the line width of the laser source and that of the spectral line. There are two possibilities :-• the laser linewidth is greater than or equivalent to the molecular absorption linewidth • the laser linewidth is less than the molecular absorption linewidth. . This novel comparative study is made to consider the effective choice of the best absorption line from the potential spectral wavenumbers.
From table 1, it is clear that as the FWHM of the laser source is increased equivalent to about or above the spectral width of the absorption line of CO, the absorption percentage is drastically reduced. The best choice of the FWHM of the laser source would be below 0.05 cm -1 . Another important observation is that as the laser line is becoming wider, the absorption percentages due to CO 2 and H 2 O are comparable with that due to CO, causing difficulties in CO detection. From the relative percentage of absorption due to CO 2 in relation to CO, CO 2 absorption is also required to be taken care of during measurement. R6 absorption line is the best candidate in terms of ratio of absorption due to CO and that due to CO 2 .
Comparative Study of Sources and Spectroscopic Methods
A typical laser-based gas sensor consists of three key components: 1) the most appropriate radiation source for the application, 2) either a single or multi-pass cell used as an optical cavity to hold the target gases and define the effective path length L, and 3) a sensitive IR detector and associated electronics for absorption-based sensors. The Light Emitting Diode (LED) is one of the cheapest polychromatic light sources in the midinfrared region. However, it cannot be used for high accuracy measurement because of the influence of other H 2 O absorption lines in this region due to the spectral breadth of the LED output (0.55 µm). Our calculations reveal that CO concentrations about 1% can be measured with LED sources.
The four most successful tunable CW mid-infrared sources suitable for high accuracy laser-based minor species sensing in any sample are:
• Lead-salt laser sensors based on tunable group IV-VI lead-salt diode laser, • Difference Frequency Generation (DFG) based sources which perform optical frequency mixing of two near-IR diode lasers in a non-linear optical crystal, • Optical Parametric Oscillators (OPOs) and • Solid-state Quantum Cascade Lasers (QCLs). Every source has different pros and cons to fulfil the requirement of absorption measurement in the mid-IR range. A detailed comparative study of the available sources is presented in reference [14] .
From the study we have concentrated on the Quantum Cascade Lasers as a source. DFB Quantum Cascade Lasers can be of two types: Pulsed or Continuous Wave (CW).
In the spectral range of interest, CW type will be cryogen cooled. Tittel and his group [15] found that they are much more stable compared to the pulsed alternative. The laser must be operated at a reduced duty cycle (typically 10% to 25%) in order to avoid fast boil-off of liquid nitrogen and related frequency and alignment drifts. Current is supplied in pulses of 120-235 µs duration at a 0.8-1 kHz repetition rate to achieve best performance. The lasing characteristics under such long pump current pulses are essentially the same as in real CW operation, because the temperature of the laser active region reaches equilibrium on a nanosecond time scale. Each current pulse results in a wavenumber scan covering 2 cm -1 [15] . In this case the total scan was performed and absorbed signal was recorded in terms of time, later calibrated with wave-numbers. The Balanced Ratio Detection (BRD) technique is used to subtract the background radiation to eliminate the other noises. The wavelength modulation technique is also adopted in one approach [16] .
A solution for non-cryogenic QC-DFB laser-based spectroscopy is to apply very short (5-50 ns) pulses of the pump current at a low duty cycle, typically 1%. In pulsed operation the minimum QC-DFB laser linewidth is typically 290 MHz due to the frequency chirp related to the fast heating of the active area during the pump current pulse. With pulsed lasers one approach is just like the previous one as with CW mode. An alternative approach to data acquisition with pulsed QC-DFB lasers is to use a fast detector and measure the peak power or integrated energy of every pulse with gated electronics. In this mode of measurement, the detected signal is much higher than the detector noise and does not depend on the repetition rate. Time-gating permits suppression of the scattered light that occurs earlier or later than the informative signal. This approach was utilized in the first successful application of a pulsed QC-DFB laser to the trace gas detection in ambient air [15] .
In both the cases either BRD technique or gated integrator is the method for noise elimination. Different types of filtering technique like Kalman Filter [17] can be adapted for this application for faster operation. Sinusoidal dither can be used as lock-in detection in 1 st harmonics for enhanced sensitivity [13] by removing sloping background and discriminating the features not related to wavelength-absorption.
For working in industrial environment, cryogenic application will introduce different operational hazards. Therefore, the pulsed laser source is the best choice. There should be a trade-off for the pulse duration between heating-related laser frequency chirp for longer pulses and Fourier transform limitation for shorter pulses. It is found by the previous researchers [22, 23] that 7-20 ns pulse duration is the best choice to achieve the desired result using Quantum Cascade Laser. The detector to be used should be fast enough (response time < 3 ns) to gather signal of about 10 ns pulse. This will incorporate a frequency chirp of around 0.0095 cm -1 . From the spectroscopic study it is evident that the best choice of spectral width for the laser source is less than 0.05 cm We are targeting the formation of the tomographic images at the rate of 1000 frames per second. To achieve this we have to gather signals at the 2 kHz rate according to Nyquist criteria. If we consider the pulse repetition rate of 20 kHz or more, it is possible to adopt current modulation of the laser source both at the centre of the absorption line of interest and at another line showing only background absorption. Current modulation will affect both the wavelength and the intensity of the laser source. If we incorporate the lock-in detection technique as demodulation method [18] , we can recover the resultant component of intensity due to absorption. Subtraction of these two signals will eliminate the absorption due to the presence of interfering species in the sample gas. Another channel will be required as a baseline detection to adopt BRD technique for elimination of the floor-level noise due to laser source and optoelectronics. Initial involvement of this technique in analog form will enhance the dynamic range of the analog to digital converter. An equivalent technique was adopted by a group [19] for simultaneous detection of CO and CO 2 with commercial DFB diode lasers in the near-IR region. Figure 4 . Schematic Detection System to be followed for single-pass measurement
Conclusion
We are now trying to adapt the spectroscopic techniques mentioned earlier. To incorporate both the BRD as well as second harmonic lock-in detection technique as in Ref [20] , hybrid electronic circuits will be most suitable. Detectors should be around 3 ns rise time to respond quickly at the fast pulse and integrator transimpedance amplifier electronics will be provided to acquire each sample. Analog subtractor circuits are considered to be followed. The gain of the reference signal is adjusted depending on the signals available at the edges of the spectral region where we can eliminate the presence of the other interfering species. As we shall follow the integration method for sensing the overlap integral, the ADC required will not be very fast. 473 kSamples/s ADC circuits with FPGA as developed by the Manchester group [21] may be adequate. The total scheme as illustrated in Figure 4 is under development. 
